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The problem of protein design truly tests the capacity to  The first stage of the proposed in silico design approach involves
understand the relationship between the amino acid sequence of d@he selection of sequences compatible with the backbone template
protein and its three-dimensional structér&he problem, first (from NMR-average structure of compstdjithrough the solution
suggested almost two decades adegins with a known protein  of an integer linear optimization problem (see Supporting Informa-
structure and requires the determination of an amino acid sequenceion). A general and well-established distance-dependent potential,
compatible with this structure. Computational protein design allows with the implicit inclusion of side-chain interactions and amino acid
for the screening of large sectors of sequence space, leading to th&pecificity8 is used in the objective. In light of the results of the
possibility of a much broader range of functional properties among experimental studies for the rationally designed peptides, a directed
the selected sequences when compared to experimental techniqueset of computational design studies was performed, which highlights
The first validated computational design of a full sequence was the underlying hypothesis of the approach: predicted increases in
accomplished by using a combination of a backbone-dependentfold stability and specificity, while maintaining certain important
rotamer library and a dead-end elimination-based algorfim.  functional components, are equivalent to real increases in func-
Despite such breakthroughs, understanding structfuaktional tionality. In this case, the disulfide bridge was enforced, and turn
property relationships remains an unsolved problem. In this residues (58) were fixed to be those of the parent sequence.
communication, a study of computation and experiment is presented  After designing the experiment to be consistent with those
and applied to the problem of immunological property improvement features found to be essential for compstatin activity, six residue
for a synthetic peptide. At the heart of the methodology lies a novel positions were selected to be optimized. Of these six residues,
two-stage computational protein design method used not only to positions 1, 4, and 13 belong to the hydrophobic cluster, while
select and rank sequences for a particular fold but also to validatepositions 9, 10, and 11 are between fhaurn and the C-terminal
the stability and specificity of the fold for these selected sequences. cysteine. To maintain the hydrophobic cluster, positions 1, 4, and
The parent peptide, compstatin, a 13-residue peptide with a disulfide13 were allowed to select only from those residues defined as
bridge, inhibits complement activation and has been resolved belonging to the hydrophobic set (A,F,I,L,M,V,Y), including
structurally via NMR? The application of the presented approach  threonine for position 13 (to allow for the selection of the parent
has led to the identification of sequences with predicted improve- peptide residue). In positions 9, 10, and 11 all residues were
ments in inhibition activity, with subsequent verification of inhibi-  5jjowed. Using a rank-ordered list of the 50 lowest-lying energy
tory activity using complement inhibition assays. sequences, the residues found to have more than 10% representation

Compstatin (ICVWQDWGHHRCT), a candidate for being a 4t each position (in order of decreasing count) were: (i) A and V
therapeutic agent, inhibits complement component C3, a central 5¢ position 1; (i) Y and V at position 4; (iii) T, F, and A at position
player in the activation of all complement pathways..Unchecked 9; (iv) H at position 10; (v) T, V, A, F, and H at position 11; and
complement activation causes host cell damage, which may lead(yjy v/ A, and F at position 13. The selection of histidine at position
to one of more than 25 pathological conditions_, i_ncluding au_toim- 10 agrees with the parent peptide sequence, while position 11 is
mune diseases, stroke, heart attack, and burn injiGesnpstatin found to have the largest variation in composition. At position 9 a
was initially identified through screening of a phage-displayed gypset of those residues chosen for position 11 are selected.
random peptide library,and subsequent rational design studies jthough valine is strong at all positions in the hydrophobic cluster,
indicated that V&l as well as the four residues of tifieturn are the results for position 4 contrast those at positions 1 and 13 in
essential, although not sufficient, conditions for retaining activity. that tyrosine, not valine, is the preferred choice for the lowest- and
In. particular, the flexibility of the turn was fouqd to be important, many other low-lying energy sequences.
with more stable type-p-turn sequences leading to lower or no On the basis of the sequence selection results, several optimal
activity. Compstatin also pos_sessesahydrophoblc _cIusFer (re_'o‘ldue%equences were considered in the second stage of the design
1,2,3, 4,12, and 13) that is held together by a disulfide bridge, ., eqyre (see Supporting Information). Fold stability and specific-
but this component is also not sufficient for activity. The difficulty i\ ajigation of these sequences is based on the calculation of
in the optimization of the compstatin system has been demonstratedy, o e probabilities for a flexible compstatin template using full

through bOth. experimen;al com_binatorial _and_ _rati(_)nal design atom force field and deterministic global optimizatidbfhe fold
techniques, with both studies leading to the identification of only stability predictions were analyzed according to their relative

a 2-fold more active analogue. probabilities (to the probability for the parent peptide) by grouping

* Corresponding authors. results into three different classes, which correspond to those
IE{:R,%‘?‘SOIR, g?'(‘é‘;{isfg{ma sequences exhibiting the following: (class i) more than &lass
§ University of Pennsylvania. ii) between 0.5 and 8; and (class iii))<0.5 the stability of the
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parent peptide sequence. Two control experiments (X1: H9A and

. . - OTcVIVIo[b[wGH[HIRCTT] orig
X2: 11L,H9W,T13G), for which experimental results indicated

c[vIyTo[p[wlGIXTH[R][CT V] Ser 8

modest increases in activity, were also performed. The results L ? [A] BI
indicate that both sequences belong in (i), thereby verifying the A % o gﬁ J[
consistency of the classification scheme. 1 Y XTTRICTT] set b

For all subsequent calculations, position 10 was set to be T ? g;

histidine, while position 11 was restricted to be arginine, on the
basis of the focused and broad prediction results at these positions,
respectively. To assess the dominant selection of tyrosine at position
4, tyrosine was assigned to position 4 for all five sequences
belonging to set A (see Supporting Information for descriptions of
all sequences for sets A, B, C, and D). The results for all five o

sequences belong in (ii), a significant implication for the proposed ) N - .
bindina model of the compstatirC3 complex’. Previous pebtide Figure 1. Comparison of relative inhibitory activity and fold stability and
9 p piex. pep specificity of designed sequences. Theoretical fold stability shown as

analpgues W'm"‘ alanine substitutions on both §ides offtern ~ patterned bars (right), and experimental inhibitory activity shown as solid
provided activity equivalent to that of the original compstatin bars (left, with error bars). An asterisk (*) indicates that experimental data

sequence. These observations led to the hypothesis that the presendg not available. Three classifications of both relative fold stability and

of side interactions of VAin the binding and activity of compstatin ~ €lative activity are made: class (i) more than 3 times; class (ii) between
t ired. corroborating the ability to make the valine-to- 0.5 and 3 times; and_ class (ii§0.5 either the fold stability or activity of

was not required, ating Y . e the parent compstatin sequence.

tyrosine substitution at position 4. Sequence A5, with a histidine-

to-phenylala_n_lne' switch at position 9, demonstrated the highest 5,4 specificty can lead to improved activity when conserving certain
relative stability in sequence sgt A; . o functionally important features and (ii) such a directed formulation
To further explore the combination of position 9 substitutions - ¢4 pe seamlessly integrated into a computational method to predict
with the presence of tyrosine at position 4, three additional jn50gues with enhanced immunological activities. Experimental
sequences were tested computationally (set B). These construction$aqits indicate that the most active compstatin analogues are
represent a rec!uction in the number of simultaneogs mutations insequences D1 and B1, as suggested by the optimization study. The
the parent peptide sequence (compared to set A), with the cOmmOn,ommon characteristics of these two sequences are the substitutions
substitution of valine at position 13. Each of the three designed ; positions 4 and 9 (flanking th&turn) with the combination of
sequences are predicted to have significant increases in fold Stabi”tytyrosine at position 4 and alanine at position 9 leading to an
and specificity, and belong to (i). ) . approximate 6- to 7-fold improvement over the parent peptide
Set C was composed of two sequences, with the difference o, mstatin. This is a significant increase in activity over analogues

between them being the assignment of tyrosine and valine 10 jyenified by either purely rational or experimental combinatorial
position 4 of sequences C1 and C2, respectively. Although a design techniques.

decrease in stability is predicted, there is again strong evidence for

the preference of tyrosine at position 4. The overall loss in stability ~ Acknowledgment. C.A.F. gratefully acknowledges support from
is most likely due to the negative net charge balance (threonine NSF and NIH (RO1 GM52032). J.D.L. gratefully acknowledges
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of arglnl_ne at position 11 for the other sequence sets. Supporting Information Available: Methodology of two-stage
The final set of sequen_ces, D1 a_nd I_DZ’ resembles_ the set Ofcomputational design procedure, full description of sequences tested
sequences Bl and B2 with threonine instead of valine at the fo fo1q stability and specifity, and experimental data for compstatin
C-terminal position. Both sequences provide significant increases 4ng sequence D1 inhibition studies (PDF). This material is available
in predicted fold stability and specificity and are grouped with free of charge via the Internet at http://pubs.acs.org.
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